Abstract
Background
Enzymes offer a more sustainable option for catalyzing chemical processes [1] . Hence, enhancing their stability and activity is a worthwhile goal. The present work describes efforts to understand how a simple process called three phase partitioning (TPP) resulted in altering both stability and activity of a lipase from Thermomyces lanuginosus (TLL). Lipases (triacylglycerol hydrolases; EC 3.1.1.3) have been extensively used in both aqueous media as well as non aqueous media [1] [2] [3] [4] [5] [6] [7] [8] . One of the main reasons of their large-scale usage has been their broad specificity [8, 9] . Lately, this range has been further enlarged by the reports on the lipase catalysed promiscuous reactions [10] [11] [12] [13] . The catalytic promiscuity refers to enzymes belonging to a particular class in the enzyme classification (EC) system catalyzing reactions of the type which are generally catalyzed by another class of enzymes. Lipases, classified as hydrolases, have been shown to catalyze many C-C bond formation reactions [10, 11, 14, 15] . It is believed that in such cases, substrates interact with the active site in a manner different from that observed by natural substrates [10] .
The lipase from Thermomyces lanuginosus (TLL) is a glycosylated hydrolase which consists of 269 amino acid residues with a molecular weight of about 29 kDa. It has an optimum pH of 11-12 [16] . The structure of TLL was reported earlier in the native state which showed that the substrate binding cleft was in the closed form [17] . The structure determined in the presence of a detergent showed open conformation [18] . TLL is among the most frequently used lipases in biotechnology [19] and its applications include its use in catalysing C-C bond formation because of its promiscuous activity [20] .
It was recently observed that TLL subjected to three phase partitioning under optimized conditions showed about 2-fold increase in the rates of hydrolytic activity of the lipase. It was also observed that the same lipase preparation showed 5-fold increase in the initial rates of a promiscuous reaction; the aldol reaction between 4-nitrobenzaldehyde and acetone carried out with 60 % acetone as the reaction medium (Scheme 1) [M. N. Gupta, unpublished results] .
TPP consists of precipitating a protein at the interface of two layers formed by the addition of tert-butanol and ammonium sulphate to a protein solution [21] [22] [23] [24] [25] [26] (Fig. 1) . It is essentially the precipitation of the protein by simultaneous addition of ammonium sulphate and tert-butanol at appropriate concentrations. However, unlike ammonium sulphate precipitation, this TPP often (though not always) results in subtle structural changes. This makes TPP valuable for wide range of applications such as protein purification, protein refolding and improving the catalytic efficiencies of the enzymes in both aqueous and non aqueous media [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . The technique was introduced by Lovrein's group [21] who emphasized its importance in protein isolation and concentration [22] . The complexity of the mechanism by which it works was discussed adequately by Lovrein et al. [27] , and more recently in the context of protein refolding [26] . There have been quite a few reports on the effect of TPP treatment on the structure and function of many enzymes and proteins [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . In few cases, it has been clearly shown that the specific activity of the pure enzyme increased after being subjected to TPP [24, 25, 29] . Many years back, we had reported an X-ray crystallographic study comparing the structure of the untreated and TPP treated proteinase K [28] . The structural work indicated that the higher activity of Proteinase K, in both aqueous buffers and low water media primarily arose from greater accessibility of the substrate to the active site and overall higher molecular flexibility of Proteinase K as a result of the treatment. The effect of TPP treatment on alpha chymotrypsin was even more dramatic. The enzyme subjected to TPP showed significantly high activity in both aqueous and non-aqueous media [23] . When attempts were made to crystallize the alpha chymotrypsin subjected to TPP, selective autolysis generated a 14 amino acid peptide which was found to bind to the active site of the enzyme [32] . The enhanced protein flexibility has also been identified as one of the important causes of catalytic promiscuity [10] . One of our groups have recently reported that lyophilized preparation of subtilisin treated with 6 M urea (a highly flexible structure) showed quite high catalytic promiscuity with respect to the aldol condensation (Scheme 1) [33] . Hence, it was naturally of interest to investigate whether in the case of TLL subjected to TPP as well, the high initial rates of catalytic promiscuity arose from similar causes, that is, enhanced flexibility of the protein molecule especially around the active site.
In the present work, we report the protein structures based upon X-ray crystallographic studies of TLL including (1) native untreated form (TLL), (2) TLL after being subjected to three-phase partitioning (TPP-TLL). These structures are discussed alongwith the results from the biochemical studies. It was found that TPP of TLL, contrary to what was expected, resulted in the introduction of rigidity around the active site.
Results and discussion

Activity of TLL and TPP-TLL
TPP treatment has, in many cases, resulted in improvement of the catalytic rates of the various enzymes by the marginal to moderate degrees [23, 24, [28] [29] [30] [31] . As indicated in the introduction, TLL subjected to TPP under optimized conditions showed an increase in the initial rates of hydrolytic activity from 8.6 to 17.8 U/mg protein ( Table 1 ). The assay for measuring this activity is carried out in the presence of detergents [34] . Like many lipases the substrate binding site in the native TLL is shown to have a closed conformation such that the active site residues of the enzyme are inaccessible for the interaction with substrates [18] . The detergents are reported to cause an opening of the substrate binding site thereby rendering the active site accessible to the substrates [35] . In the present work both native TLL and TLL subjected to TPP were tested for enzymatic activity in the absence of detergents as well. The TPP-TLL showed that the specific activity of lipase decreased from 5.8 U/mg protein to 3.3 U/mg protein when the activities were measured in the absence of detergents (Table 2 ). This is an unusual result as all the consequences of TPP treatment of enzymes reported so far in the literature either show no change or an increase in biocatalytic activity [28] [29] [30] [31] 36] . Measurements of melting temperature (T m ) by recording Scheme 1 Aldol condensation reaction catalyzed by Thermomyces lanuginosus lipase the CD spectra of both untreated TLL and TLL subjected to TPP over a range of temperatures (Fig. 2) showed that the TPP-TLL had a T m of 80 °C whereas the untreated enzyme had a T m of 77 °C. The T m values reflect how easy or difficult it is for a protein to unfold. The increase in the value of T m indicated that the enzyme has become more rigid after the TPP-treatment.
However, when assayed in the presence of detergent triton X-100, the TPP-TLL showed an increase in the specific activity from 3.3 U/mg protein to 17.8 U/mg protein (Table 1) . On the other hand, the native TLL showed an increase in the specific activity from 5.8 U/mg proteins to 8.6 U/mg proteins. This shows that the presence of detergent has a more marked effect on the specific activity of the TPP-TLL. In this case, the opening of the lid not only resulted in the more active "open" conformation (which is a well known phenomenon) but also presumably reversed the introduction of more rigidity in the active site by TPP treatment.
The lipase-detergent interactions have been exploited in multiple ways [8] . The most well known among these is via "interfacial activation". This leads to the movement of the molecular lid (present in several lipases including TLL) away from the active site access and makes the active site more accessible. This "lid opening" has also been achieved by immobilization [37, 38] and bioimprinting [39, 40] .
Structure of the untreated native lipase
The structure of the native TLL determined at 2.30 Å showed that protein chain adopted an α/β fold (Fig. 3 ). It consisted of 10 α-helices, α1 (residues, Ser3-Ala20), α2 (residues, Cys41-Lys46), α3 (residues, Ile86-Gly91), α4 (residues, Asp111-His135), α5 (residues, Ser146-Arg160), α6 (residues, GLy178-Gln188), α7 (residues, Ile202-Leu206), α8 (residues, Pro208-Gly212), α9 (residues, Thr231-Asp234) and α10 (Ile255-Leu259), and 10 β-strands, β1 (residues, Asp48-Ser58), β2 (residues, Val63-Asn71), β3 (residues, Lys74-Arg81), β4 (Asp96-Ile100), β5 (Cys107-His110), β6 (residues, Arg139-His145), β7 (residues, Asp165-Gly172), β8 (residues, Gly192-Thr199), β9 Table 1 Three phase partitioning of Thermomyces lanuginosus lipase (TLL) at 25 °C
The Thermomyces lanuginosus lipase was subjected to three phase partitioning as described in the materials and methods section. Experiments were carried out in triplicate and percentage error in each reading in a set was within 3 %. The activity was determined using pNPP assay and protein using bradford method
Protein (mg/mL) Activity (U/mL) Specific activity (U/mg protein) Fold Increase
Assay in the absence of Triton X-100 (residues, Glu219-Lys223) and β10 (residues, Asp234-Ile238). The active site residues in this lipase are Ser146, His258 and Asp201 and catalytic mechanism works in a manner similar to that of serine proteases [28] . The catalytic triad is located inside a deep cleft which is formed with the help of two segments, consisting of α-helix, α4 and β-strands, β4 and β5 (Wall-1) and α-helices α6, α7 and α8 (Wall-2). Several van der Waals interactions are observed between the two residues of two walls (Table 2 ). This represents the closed state of lipase whereby the active site residues are not freely accessible to interact with the substrates. In the closed state, the two sides are held together firmly with a number of attractive interactions between them (Fig. 4a ). As seen from Fig. 4a , the inter-wall interactions include a large number of van der Waals contacts as a series of hydrophobic residues are lined up from both sides. Such a closed state corresponds to the inactive state of the enzyme. In order to open up the substrate binding cleft, the enzyme must be exposed to highly hydrophobic agents such as lipid aggregates or detergents. The substrate binding site has been shown to adopt an open conformation in the presence of detergents [41, 42] . Under the influence of aggregated lipid bilayer or detergents, Wall-2 moves away from Wall-1 so that the cleft adopts an open conformation as a result of which the diffusion of substrates can occur into the cleft leading to the required interactions with the active site residues. The opening of the cleft involves a large scale movement of Wall-2 which is often called as the lid. In the open state, the intraWall contacts are completely lost (Fig. 4b) .
The closed and open states are two conditions for the inactive and active states of lipase (Fig. 5) . 
Structure of TLL subjected to TPP
Crystal structure of TPP-TLL was determined at 2.15 Å resolution. The overall structure treated form is similar to that of untreated native protein with an r.m.s. shift of 0.7 Å for the C α atoms. The exposure to the interface between the aqueous layer and the upper tert-butanol rich layer was expected to cause a conformational change in the cleft. However, the structure did not indicate the opening of the lid. This is easy to understand since it is well known that interfacial activation of the lipases requires interaction of the lipase in free solution with an interface [43, 44] . In TPP treatment, the enzyme precipitates out of the solution and cannot interact with the tertbutanol rich layer (unlike the enzyme in free solution). In fact, rather than opening the lid, the TPP treatment resulted in making the active site less accessible due to enhanced molecular rigidity in that region. As a result, the lid further moved closer to the segment on the opposite side thus shortening the lengths of van der Waals contacts ( Table 2 ). The TPP treatment, involving complex interactions of the SO 4 2− anions (kosmotropy, conformation tightening and electrostatic forces) simultaneously with interactions with tert-butanol induces a conformational change. Such conformational changes upon TPP treatment have been reported [22, 27, 28, 30, 45] . In the present structure of the TPP-TLL, as seen from Fig. 4c , the two walls moved closer to each other thus optimizing the van der Waals contacts between the two sides of the substrate binding cleft. In this case, the distances of hydrophobic contacts decreased at least by 10 %. This suggests that after the TPP treatment, the protein structure becomes more tight and hence more stable than the native state as observed in untreated TLL.
Enhancing the thermal stability of enzymes continues to be a useful goal in biocatalysis [46] [47] [48] . Many techniques including chemical crosslinking [49] [50] [51] , immobilization on solid or soluble supports [52] [53] [54] , protein engineering and directed evolution [55] [56] [57] [58] have been employed for this purpose. In the present case, however, it was an incidental result of these studies wherein the aim was to improve both the natural and promiscuous activities of the lipase by subjecting it to TPP as seen with other enzymes [22, 23, [27] [28] [29] [30] 45] . This is the first example where the TPP treatment seems to have resulted in the increase in the T m . In cases reported so far, TPP treatment has resulted in a decrease of thermal stability [30] . The increase in the T m of TLL upon TPP-treatment correlates well with the reduction in the activity. In this regard, it is noteworthy that the substrate binding site became more tight because the distances of the van der Waals contacts between the two sides of the substrate binding channel became considerably shorter than those observed in the untreated protein. This would have made it more difficult for the cleft to open when the substrate approached it. However, in the presence of detergent, the TLL subjected to TPP showed a higher activity because of the more favourable stereochemistry of the active site residues in the treated enzyme. The TLL subjected to TPP was less active and more stable which is good for its shelf life. On the other hand, in the presence of detergent, the TLL subjected to TPP showed activity more than two times higher than the untreated enzyme. An interesting aspect is that the TLL subjected to TPP in the absence of a detergent showed a decrease in the hydrolytic activity which involves hydrolysis of an analogue of a natural substrate, that is, p-nitrophenylpalmitate. However, it shows higher activity during catalysis of the promiscuous reaction, that is, aldol condensation. Broos [59] has provided convincing data which shows that changes in flexibility of the enzyme structure may have opposite consequences in terms of selectivity for natural and unnatural substrates. The promiscuous substrates are extreme examples of "unnatural substrates".
It is noteworthy that the TLL subjected to TPP showed 5-fold increase in the initial rates for the aldol condensation (in the presence of 40 % water in acetone as the medium which was also one of the substrates). This reaction was carried out in the absence of detergents, so this involved 'closed lid' structure of the enzyme. Also, one should not overlook the fact that one of the substrates in the promiscuous reaction was acetone. The presence of acetone in the medium was expected to influence the structure of the enzyme. The information about the change or its extent could not unfortunately be obtained by X-ray studies. The efforts to obtain the crystallization of TLL in the presence of acetone did not succeed.
Experimental section
Materials
The lipase from Thermomyces lanuginosus was a kind gift from Novozyme A/S (Bagsvaerd, Denmark). p-Nitrophenyl palmitate (pNPP) was procured from Sigma-Aldrich Company (St. Louis, USA). All other chemicals used were of analytical grade.
Methods
Three phase partitioning (TPP) of lipases
The protocol reported earlier was followed for carrying out the TPP treatment of TLL [60] . The solutions of TLL (2 mL, 20 mg/mL in 10 mM sodium phosphate buffer, pH 7.0 were saturated with varying concentrations of ammonium sulphate (w/v). This step was followed by the addition of 2 mL tert-butanol. The solutions were vortexed and allowed to stand at 25 °C for 1 h. Three phases (i.e., upper layer of tert-butanol, interfacial precipitate of protein and lower aqueous layer) were formed. The solutions were then centrifuged at 2000×g at 25 °C for 10 min. The lower aqueous and upper organic layer were separated using a pasteur pipette. The interfacial precipitates obtained were dissolved in 1 mL of 10 mM sodium phosphate buffer pH 7.0 and dialysed against the same buffer for 24 h with frequent changes of buffer. This was checked for lipase activity using 4-nitrophenyl palmitate (pNPP) as a substrate [34] and for amounts of protein using Bradford method [61] . The percentage activity and protein in the precipitates were calculated by taking the 
Assay for lipase activity
The hydrolytic activity of lipase was monitored by measuring the rate of hydrolysis of 4-nitrophenyl palmitate (pNPP) spectrophotometrically at 410 nm by following the procedure described earlier [34] . The reaction mixtures consisted of 1.8 mL of buffer (10 mM sodium phosphate, pH 7.0 containing 150 mM NaCl [and with or without 0.5 % (v/v) triton X-100]), 0.2 mL of enzyme solution in 10 mM sodium phosphate buffer, pH 7.0 and 20 µl of 50 mM substrate pNPP in acetonitrile. The mixtures were incubated for 30 min at 37 °C and after this the samples were kept in a domestic microwave oven along with a beaker containing a volume of water sufficient to make the total volume of the liquid in the cavity as 100 mL (the additional water absorbs a significant amount of microwave energy, this was done to avoid overheating of the sample) and irradiated for 30 s and read at 410 nm. One unit (U) of enzyme activity is defined as the amount of the enzyme that liberates 1 µmol of 4-nitrophenol per min at pH 7.0 and 37 °C.
Protein estimation
Protein concentrations were determined according to the procedure described by Bradford [61] . Protein solutions (0.5 mL) were incubated with 4.5 mL of the dye reagent at 25 °C for 10 min and the absorbance of the solutions were read at 595 nm and bovine serum albumin was used as the standard protein.
Measurement of the melting temperature (T m )
The melting temperature of TLL and TPP-TLL were determined by using circular dichroism studies. Thermal denaturation curves were determined directly by monitoring the ellipticity changes at 222 nm. The samples with a concentration of 0.2 mg mL −1 were used. The temperature of sample solution was raised linearly by 1 °C min −1 from 50 to 100 °C. The heating curves were corrected for an instrumental baseline obtained by heating the buffer (10 mM sodium phosphate, pH 7.0) alone. The melting temperature (T m ) was calculated from the first-order derivatives of the ellipticity-temperature plot.
Crystallization
The samples of both (1) non-treated lipase (TLL) and (2) the lipase subjected to three phase partitioning (TPP-TLL) were dissolved in solution containing 0.1 M HEPES buffer, 1 M NaCl pH 7.5 at a concentration of 30 mg/mL to make solutions (1) and (2), respectively. The drops of 10 µl of solutions (1) and (2) were prepared for the hanging drop vapour diffusion method. The protein drops were equilibrated against 1.6 M ammonium sulphate. The rectangular shaped crystals measuring up to dimensions of 0.4 × 0.3 × 0.3 mm 3 were obtained after 3 weeks from the drops of the solutions. The crystals from the two samples were washed with reservoir buffer before placing them into a fresh solution containing reservoir buffer and 25 % glycerol as a cryoprotectant for data collection at low temperatures.
Data collection and processing
Two X-ray intensity data sets were collected on the crystals of (1) TLL and (2) TPP-TLL with MAR CCD-225 Scanner (Mar research, Norderstedt, Germany) using the beamline, BM14 at the European Synchrotron Radiation Facility (ESRF), Grenoble, France. The reflections of both the data sets were indexed and scaled using the program, HKL2000 [62] . The summary of data collection statistics is given in Table 3 .
Structure determinations and refinements
The structure of TLL was determined with molecular replacement method [63] using the coordinates of lipase in its unbound state (PDB code: 1DT3) [18] . This produced a clear solution with two peaks. Initially, the structure was refined for 20 cycles using REFMAC 5.5 [64] . The coordinates of partially refined structure of TLL were used as the starting model for refining the TPP-TLL structure. The initial calculations for 25 cycles were carried out as the rigid body refinement. The electron density maps with (2F o -F c ) and (F o -F c ) coefficients were calculated. The models were improved by manual model building with programs O [65] and Coot [66] using graphics workstations. After another 25 cycles of refinements, when the values of R cryst /R free factors dropped to less than 0.27/0.30, Fourier maps with (2F o -F c ) and (F o -F c ) coefficients were calculated for both the structures. These maps were used for determining the positions of water oxygen atoms in both structures. The coordinates of 245 water oxygen atoms were obtained in the TLL structure while the coordinates of 288 water oxygen were determined in the TPP-TLL structure. These coordinates were included in the final cycles of refinements. The refinements finally converged to values of 0.221/0.270 and 0.227/0.268 for the R cryst /R free factors of the untreated and treated structures. The final refinement statistics are included in Table 3 . The refined atomic coordinates of structures of TLL and TPP-TLL have been deposited in the protein data bank with accession codes of 4ZGB and 4FLF respectively.
Conclusions
The present studies did reveal some interesting information:
1. In the case of TLL, TPP treatment introduces a rigidity rather than flexibility around the active site region. 2. Upon opening up the lid by interfacial activation, TLL subjected to TPP assumes a structure which was more along the expected lines. As in the case of proteinase K [28] , it might be more flexible in the state with an open lid than the native structure. This might have led to the significant increase in the enzyme activity.
Three phase partitioning has slowly emerged as a simple approach to subtly alter conformational flexibility. Even subtle changes in conformational flexibility are important for both natural and promiscuous reactions of enzymes and influence even their enantioselectivity [67] .
The present work shows that TLL subjected to TPP behaves differently while it exists as a "closed lid" structure and as an "open lid" structure. In the "closed lid structure", TLL subjected to TPP has enhanced rigidity while the opening of the lid by well known interfacial activation removes this rigidity. The results are also useful in the context of understanding the role which conformational flexibility plays in catalytic promiscuity.
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